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Introduction 
Signifi cant progress is being made by research groups 
working on detecting, fi nding, and isolating genes in-
volved in the regulation of important traits in humans, 
mice, and other species. A key factor for these achieve-
ments has been the generation of comprehensive resourc-
es for genetic analysis, such as high-density linkage and 
physical maps, saturated with known genes, ESTs, and 
polymorphic DNA markers. 
Although public resources for completely sequencing 
the genomes of livestock species are not currently avail-
able, more modest efforts to sequence cDNA libraries 
from tissues most likely to express genes that affect ec-
onomically important traits are well under way in cattle 
and pigs (see The Institute for Genomic Research [TIGR] 
Gene Indices; Quackenbush et al. 2001). These sequenc-
es, associated with comparative mapping data generat-
ed in silico (Ma et al. 1998) and/or by other means, com-
pose a substantial resource of major value to the scientifi c 
community working with agriculturally important domes-
tic animals. 
Recent advances in gene expression analysis, mostly in 
the form of transcription profi ling studies with microar-
rays (Schena et al. 1995; DeRisi et al. 1996), have provid-
ed an important alternative to research aimed at identify-
ing genes involved in the genetic/physiological regulation 
of complex traits. However, the effi cient development and 
application of cDNA microarray technology in these stud-
ies is dependent on the availability of large collections of 
non-redundant cDNA/EST clones, and, in many instanc-
es, these resources still remain to be generated. 
In general, gene expression can vary considerably in a 
particular tissue depending on the developmental and/or 
physiological state of an organism. However, many EST 
discovery efforts are based on cDNA libraries generated 
from tissues collected at a single point in time. The ova-
ries of reproductively active female pigs are a good exam-
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Abstract: Ovulation rate is a major factor determining litter size in swine and is, therefore, a trait of economic importance to the pork 
industry. The dynamics of follicle development, which in turn are dictated by a balance between follicle recruitment, maturation, selec-
tion, and atresia, are a major determining factor of ovulation rate. The role of several genes expressed in the ovaries during these pro-
cesses has been described, but studies utilizing large-scale genomic approaches have yet to be conducted to examine gene expression in 
this tissue more globally. We have developed a normalized cDNA library from swine ovarian follicles in various stages of development, 
ranging from 2.0 to 10.0 mm in diameter, collected from gilts from divergent genetic lines selected for high and low ovulation rates, dur-
ing the 7 initial days of the follicular phase of the estrous cycle. EST sequences were obtained from 5231 distinct clones derived from 
this library. In total, 3479 unique sequence clusters were obtained, of which 2661 singletons (76.5%) were observed. BLASTN searches 
with the primary sequences from the clusters obtained resulted in 1037 sequences not matching (E <1.0–06) any of the sequences in the 
nt database (29.8% novelty rate). This resource will facilitate the use of cDNA microarrays in functional genomics studies aiming at un-
raveling the genetic and physiological mechanisms underlying follicle maturation and ovulation rate in swine.
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ple of organs that undergo major physiological changes 
during a rela tively short time period. Of particular interest 
to animal scientists is the follicular phase of the por cine 
estrous cycle, when a highly dynamic process of ovulato-
ry follicle selection takes place to determine the ovulation 
rate of the animal, a major factor in fl uencing litter size 
(Johnson et al. 1984, 1999). 
We generated a normalized cDNA library from ovarian 
follicles in various stages of development during the fol-
licular phase of the porcine estrous cycle and obtained se-
quences from 5231 clones derived from this library. This 
resource will facilitate the use of functional genomics ap-
proaches (i.e., cDNA mi croarrays) to study the genetic 
mechanisms that are involved in determining ovulation 
rate in pigs. In addition, these resources will be useful for 
elucidating the physiological mechanisms involved in the 
process of follicle maturation in swine. 
Materials and methods 
Tissue collection, RNA extraction, and pooling. Gilts 
from UNL swine lines selected for high (n = 7) and low (n 
= 7) ovulation rates (Lamberson et al. 1991) were injected 
with PGF2α on day 13 following estrus detection. Ova-
ries were harvested by ovari ectomy on days 0 to 6 follow-
ing PGF2α injection, and follicles were rapidly dissected, 
measured (cir cumference), and snap frozen in liquid ni-
trogen. Total RNA was isolated from individual follicles 
with Trizol® (Gibco-Life Technologies) according to the 
protocol provided by the manufacturer. Equal amounts 
of RNA extracted from four to nine follicles of different 
sizes was used to make 25 μg RNA pools for each ani-
mal. The 14 pools of RNA were then combined into a sin-
gle tube and used for isolating poly(A)+RNA. In total, 83 
ovarian follicles, ranging from 2.0 to 10.0 mm in diame-
ter, were used. 
cDNA library construction and normalization. Pro-
cedures to construct and normalize the cDNA library have 
been previously described in detail (So ares et al. 1994; 
Bonaldo et al. 1996). Briefl y, po ly(A)+RNA was isolated 
from the pooled total RNA by two rounds of purifi cation. 
In total, 1 μg of po ly(A)+RNA was mixed with 2 μg of 
NotI-dT18 oligo nucleotide (TGTTACCATTCTGATGTT-
GGAGCGGCCGCCACAC-T19), containing the sequence 
CACAC as a library tag, and reverse transcribed with Su-
perScriptII (Gibco Life Technologies). Second-strand 
synthesis was performed with T4 DNA polymerase in the 
presence of DNA ligase and RN ase H. The size-selected 
cDNAs were ligated to EcoRI adapters and restriction di-
gested with NotI. The purifi ed cDNA fragments were di-
rectionally li gated to the pT7T3-Pac vector (Bonaldo et 
al. 1996) and electroporated into DH10B E. coli bacte-
ria. Li brary quality [i.e., small poly(A)+ tails, absence of 
clones with rRNA inserts] was assessed by se quencing 96 
clones. 
The library normalization process was based on the re-
association of an excess of cDNA inserts (generated by 
PCR) to the cDNA library in the form of single-strand-
ed circles (Soares et al. 1994; Bo naldo et al. 1996). Sin-
gle-stranded plasmid DNA generated in vivo was purifi ed 
via chromatography in a hydroxyapatite (HAP) column. 
In total, 2 ng of the single-stranded plasmid library was 
used as template in high fi delity PCR (EHF; Boehring-
er Mannheim) to amplify cDNA inserts with T7/T3 prim-
ers annealing to regions fl anking the vector-cloning site. 
An excess of PCR products was mixed with 50 ng of sin-
gle-stranded circular library DNA along with 5′, 3′, and 
polyA+ blocking oligos and allowed to hybridize for 24 
h (Cot = 5). The single-stranded circles remaining were 
purifi ed by HAP chromatography, converted to double-
stranded plasmids, and electroporated into DH10B bacte-
ria. Bacterial colonies were picked and grown in 96-well 
plates. Glycerol stocks were made in duplicate and stored 
at –80 °C at UNL. 
Sequencing. Plasmid DNA was prepared from clones 
arrayed in 96-well plates according to methods described 
by Marra et al. (1999). Reactions to sequence the 30 ends 
of the cDNA inserts were performed with the Thermo Se-
quenase Fluorescent Labeled Primer Cycle Sequencing 
Kit with 7-Deaza-dGTP (Amer sham-Pharmacia) in 384-
well plates, according to the supplied protocols. Sequenc-
ing products were run in Li-Cor DNA Analyzer 4200 au-
tomated sequencers with the parameters recommended by 
the manufac turer. Sequencing gels were analyzed with e-
Seq™ software (Li-Cor; Lincoln, Neb.). 
Sequence processing. Sequence fi les with qual ity val-
ues were produced and processed locally. Programs were 
used to trim raw sequences based on sequence quali-
ty, to fi nd the initial vector sequence, restriction site, li-
brary tag, poly(A)+ tail, polyA sig nal, and trim vector se-
quences. Sequences were screened for contamination with 
bacterial, vector and mitochondrial sequences, masked 
(RepeatMas ker; http://ftp.genome.washington.edu/cgi-
bin/Re peatMasker) and clustered (UIcluster; http:// ge-
nome.uiowa.edu/pubsoft/clustering/). BLASTN searches 
of the nt database (version posted on 12/03/2000) were 
performed with the primary sequences from each cluster. 
Sequences were annotated and submitted to GenBank. 
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Quality control and clone re-arraying. A subset of 
3636 clones representing the primary sequences of each 
cluster with an additional 157 clones were re-arrayed into 
new, 96-well plates with a Packard MultiPROBE® II au-
tomated liquid handling system. Clones from the top row 
from each re-arrayed plate were sequenced to provide a 
measure of data track ing quality control. 
Results 
The initial start-up cDNA library contained 5 × 106 
cfu, with an average insert size of 1.2 kb. Average polyA+ 
tail length in the clones was determined to be 24 bp. The 
success of the subsequent normalization process was as-
sessed by the clustering results ob tained with the se-
quences from the normalized cDNA library. Sequences of 
suffi cient quality to be processed and annotated were ob-
tained from a total of 5231 unique cDNA clones. These 
sequences were assembled into 3479 clusters (33.5% of 
the sequences were redundant). Figure 1 shows a histo-
gram of the number of sequences contained in the clus-
ters ob tained from these data. In total, 2661 singletons 
(76.5%) were observed. On nine clusters contained more 
than 22 sequences. The total number of se quences sub-
mitted to GenBank, including multiple sequences of the 
same clone, was 5523 (accession numbers: BI180971–
BI186447, BI233963–BI234008). 
BLASTN searches with the primary sequences from 
the 3479 clusters obtained resulted in 1037 se quences not 
matching (E < 1.0–06) any of the sequences in the nt da-
tabase (29.8% novelty rate). Figure 2 il lustrates the fre-
quency of different classes of genes found within this set 
of sequences. A signifi cant number of matches were ob-
served between our EST clusters and human sequences 
derived from large-in sert genomic libraries (6%). In total, 
7% and 9% of our clusters matched sequences from hu-
man hypotheti cal proteins and cDNAs of unknown func-
tion, re spectively. Matches between sequences from 65 
clusters and different ribosomal proteins were found. 
In total, 5490 sequences were incorporated into the 
TIGR Porcine Gene Index (SsGI, version 4.0, 02/01/02). 
Sequences from the start-up and normalized libraries 
were incorporated into 2115 Tentative Con sensus (TC) 
sequences. Of these TCs (containing 526 sequences), 249 
are unique to these libraries. Figure 3 shows a histogram 
of the number of sequences from our libraries in the Por-
cine Gene Index TCs. 
Discussion 
Ovulation rate is a complex trait, having high eco nomic 
importance to the swine industry because it is a major 
component determining litter size (Johnson et al. 1984, 
1999). Even though several hormonal signals involved in 
regulating ovarian follicle matu ration and ovulation rate 
are known to be produced by the hypothalamus, anteri-
or pituitary, and ovaries, many of the specifi c underlying 
mechanisms regu lating ovulation rate remain to be eluci-
dated. This project was conceptualized to generate a sig-
nifi cant resource for utilizing cDNA microarrays to carry 
out functional genomics experiments to study the ge netic 
and physiological architecture of the biological process-
es that take place in the swine ovary to de termine ovula-
tion rate. 
Improvement of swine reproductive traits is of ma-
jor importance to the pork industry. Attempts to geneti-
cally improve reproduction traits in pigs by direct selec-
tion have been relatively slow, hindered by low realized 
Figure 1. Overall redundancy of the swine ovar-
ian follicle cDNA sequences. A total of 5231 se-
quences obtained from unique cDNA clones was 
assembled into 3479 clusters. The x-axis indi-
cates the number of sequences contained in each 
cluster, while the y-axis indicates the number of 
clusters of a particular size. A total of 2661 sin-
gletons (76.5%) was observed, and only 33.5% of 
the sequences were redundant. 
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heritabilities. Conversely, experi ments utilizing index se-
lection for components of litter size have been more suc-
cessful (Johnson et al. 1984, 1999). Attempts to identify 
genetic factors responsible for the ovulatory advantage 
found in certain swine breeds (Rohrer et al. 1999; Wilk-
ie et al. 1999) and selection lines (Cassady et al. 2001; 
Linville et al. 2001), with quantitative trait locus (QTL) 
and candidate gene analysis approaches, have produced 
varying results but have added little to our understand-
ing of the genetic and physiological control of reproduc-
tion. Lack of power to resolve locus location and to iden-
tify the specifi c underly ing genes has limited the utility 
of these approaches in regard to genetic improvement of 
reproductive traits. Furthermore, these efforts have yield-
ed very little information about the biological phenomena 
underlying the substantial phenotypic variation observed. 
Figure 2. Functional classifi cation of the 
swine ovarian follicle cDNA sequences. 
BLASTN searches of the GenBank nt da-
tabase were performed with the primary se-
quences from the 3479 clone clusters. Distri-
bution of matches in gene classes is shown. 
A total of 1037 sequences did not match (E < 
1.0–06) any of the sequences in the nt database 
(29.8% novelty rate). 
Figure 3. Distribution of the ovarian fol-
licle cDNA sequences in the TIGR Swine 
Gene Index. EST sequences submitted to 
GenBank were incorporated into the Por-
cine Gene Index at The Institute for Ge-
nomic Research (TIGR). The fi gure shows 
the distribution of the sequences that were 
incorporated into Tentative Con sensus (TC) 
gene sequences. Similar to what was ob-
served with our local clus tering, the number 
of EST sequences within the TCs indicates 
a low rate of redundancy of the normalized 
swine ovarian follicle cDNA library. 
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Functional genomics approaches that in tegrate genetic 
and physiological aspects of a particular biological event 
have the potential to pro vide discoveries that will lead to 
alternative ways to improve reproduction in swine and 
enhance our understanding of the physiological mecha-
nisms in volved. 
Expression profi ling studies with cDNA micro-arrays 
are being used to dissect the genetic/physio logical archi-
tecture of complex traits such as obesity (Liang and Tall 
2001) and cancer (Alizadeh et al. 2000) and will be highly 
useful to study the biology of follicle maturation and ovu-
lation in swine. Even though it is possible to use cross-spe-
cies and cross-tissue probes in microarray hybridizations, 
the most informative experiments are usually conducted 
by maximizing the number of cDNA probes for the genes 
expressed in the biological system being studied (i.e., cD-
NAs derived from the same species/same tissue). 
When this project was initiated, no cDNA li braries 
were available from porcine ovarian follicles. Several 
cDNA libraries from ovarian tissue were available from 
other mammalian species, but these were usually derived 
from material obtained from a single time point, repre-
senting a specifi c physiolog ical state. The mammalian 
ovary of fertile females is very dynamic, periodically un-
dergoing major physi ological changes at every estrous 
cycle, where gene expression levels change signifi cant-
ly. The follicular phase is of particular importance in this 
process be cause it is when ovulatory follicles are selected 
and matured. Ovarian follicles are more actively in volved 
in this process than the many other tissues that compose 
the ovary. 
Our strategy to construct a cDNA library from a pool of 
RNA extracted from ovarian follicles at different stages of 
development, obtained at differ ent stages of the follicular 
phase of the porcine estrous cycle, was designed to maxi-
mize the complexity of the library and its utility for future 
functional genomics studies targeted to under standing the 
ovulation rate in pigs. Animals from two genetically di-
vergent swine lines, previously selected for high and low 
ovulation rates (Lamb erson et al. 1991), were used to in-
crease the chances that gene messages putatively asso-
ciated with this trait would be well represented in the li-
brary. Other efforts to sequence cDNA clones from swine 
ovarian tissue (Clouscard-Martinato et al. 1998; Tuggle et 
al. 2001; Fahrenkrug et al. 2002) are currently under way 
and are complementary to this work. The tissues used for 
producing those ESTs were obtained from different phas-
es of the swine estrous cycle, or in vitro cell cultures, and 
therefore are very likely to have a different com position 
of transcribed messages. 
Some differences can be observed in the se quence 
clustering results obtained here and in the results present-
ed at the TIGR Porcine GI. Many of the sequences in-
cluded in our fi nal clustering anal ysis were excluded from 
the Porcine GI because of more stringent sequence qual-
ity parameters. Even though the same low sequence re-
dundancy can be observed in both cases (Figures 1 and 
3), inspection of the TIGR swine gene index revealed 
that some se quences that belong to different clusters in 
our se quence analysis have been put into the same tenta-
tive consensus (TC) sequences. Large contigs, containing 
5′ and 3′ sequences from multiple cDNA clones derived 
from different libraries, were gener ated at the Porcine GI. 
This allowed for sequences with no homology, obtained 
from cDNA clones de rived from different regions from 
the same gene, to be aligned into the same cluster. 
It is likely that the high level of novelty ob served in 
the results we obtained by performing BLASTN searches 
of the nt database (29.8% of our sequences did not match 
any sequences in the da tabase) is an overestimate. Our se-
quences were de rived from the 3′ end of the cDNA clones 
and therefore contain untranslated gene regions that are 
not necessarily highly conserved across taxa. How ever, 
this strategy was highly useful to achieve our main goal 
of identifying cDNA clones containing unique sequenc-
es. This will also facilitate enhanced success of physical 
mapping of these clones with porcine–rodent somatic cell 
and/or radiation hybrid panels. 
In total, 59 ribosomal proteins of the 80 compo nents 
of the ribosome were found among the clones we se-
quenced, indicating that we have a signifi cant sample of 
the messages expressed in the ovarian fol licle. Converse-
ly, the frequency of redundant clones of each of these se-
quences (2.3 ± 0.40, data not shown) indicates that fur-
ther sequencing of the ovarian folli cle normalized library 
will yield additional unique sequences at a high rate. Sev-
eral EST sequences for genes involved in the synthesis of 
estrogen, as well as other biological processes relatively 
specifi c to the ovarian follicle, were found. However, sev-
eral other genes known to be expressed in the ovarian fol-
licle (i.e., follistatin, inhibin, STAR, etc) were not found 
among the sequenced clones. 
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